Abstract The olfactory reaction of larvae and moths was investigated towards 18 oils (6 natural oils and 12 commercial chemical oils). Some of these oils such as peppermint and camphor (natural oils) and eugenol and camphene (commercial oils) were repellent to both larvae and moths. Other oils such as strawberry and D-limonene were attractive to both larvae and moths. Some of the repellent oils were, therefore, tested for their effect on certain biological aspects of the insects. Eugenol and peppermint oils, each at the 0.01% conc., caused a significant depression in the fecundity of moth and decreased the percentage of egg hatchability. Eugenol oil was much more effective than peppermint oil at 1%. Dried (leaves, fruits or seeds) powder of 14 different plants species were tested in different concentrations with talcum powder (carrier material) against egg deposition. The results indicated that dried powders of Allium cepa, Curcuma longa, Colocasia antiqurum, Ocimum basilicum. Dodonaea viscose and Thuja orientalis played a highly significant role in reducing egg deposition. The most impressive effect was displayed by powders of D. viscose and A. cepa, which caused the highest depression in egg deposition as well as in the emerging offsprings. Ethanolic extracts of 11 plants indicated that extracts of Pithuranthos tortosus and Iphiona scabra caused the maximum inhibition of egg hatchability, followed by C. longa, Citrullus colocynthia and T. orientalis. Ethanolic King Saud University Saudi Journal of Biological Sciences www.ksu.edu.sa www.sciencedirect.com extracts of Schinus terebenthiflius (leaves) and I. scabra caused the highest depression in the deposited eggs, as they played a remarkable role as ovipositor deterrents. The majority of the plant extracts at 1% conc. could protect potato tubers at different intervals according to the calculated tuber damage index as follows: Iphiopna > Pithuranthos > Curcuma > Schinus (fruits) Thuja > Schinus (leaves) > Dodonaea > Citrullus.
Introduction
The potato tuber moth (PTM), Phthorimaea operculella (Zeller) is a ubiquitous pest in the subtropical and tropical zones. It is widely spread in Egypt specially in the northern areas of lower Egypt. It attacks several cultivated solanaceous plants including potato (Solanum tubersum), tobacco (Nicotiana tabacum), egg plant (Solanum melonguene), tomato (Lycopersicom esculentum), and bell pepper (Capasicum annuum). It has also been reported to be found on several wild plant hosts of the following genera: Solanum, Datura, Nicotiana, Fabina, Hyoscyamus, Physalodes, Lycium and Nicandra (Cunninghan, 1969) . The preferred hosts are potato and tobacco plants (Balachowsky and Real, 1966) , but potato is considered the main host to this insect in different parts of the world (Haines, 1977) . It causes serious damage to potato crops in both fields and storage. In the continuous search for new pest control agents, plants are considered one of the most rich sources (Abdullah et al., 1986) , natural pyrethrums and synthetic pyrethroides are famous and good examples. Active substances extracted from plants may not only act as toxicants, but also as insect growth regulators (Bowers et al., 1972) , as repellents or synergists (Su and Harvort, 1981; Burfield and Reekie, 2005) or as phagodeterrents (Meisner et al., 1982) . Some plant oils are also effective as control agents against different insect pests (Schoonhoven, 1978; Mariappan and Sexena, 1984; Sharaby, 1988; Al-Dhafer, 2001 ; Lee et al., 2004; Al-Dosary, 2007) . The undesirability and potential dangers of applying large and uncontrolled quantities of insecticides to potato tubers destined for human consumption must be recognized. The goals of the present investigation were to study: the behavior of the potato tuber moth towards some natural and commercial chemical substances; and the biological effects of certain natural and chemical substances on the different stages of the insect and their role that can minimize or even exclude the use of toxic insecticides in storage.
Materials and methods
To illustrate the behavioral response of larvae and adults of the potato tuber moth towards various natural and commercial chemical volatile oils, the following experiments were conducted.
Larval olfactory reaction
The olfactory reaction of larvae was studied in an arena as that described by Wigglesworth (1941) . The tested volatile material was introduced as drops (10 ll) by a micropipette through the two opposite holes on a shred of filter paper into two compartments, and the other two compartments were left blank as a control. The apparatus was not set up and was left for about half an hour for the volatile odor to become established. To measure the larval response towards different odors, the first larval instars were used, because these instars are the ones that search and mine into the host, while the other three larval instars feed and settle inside the host till pupation (Varela and Bernays, 1987) . Thus, newly hatched larvae were introduced through the central hole by fine camel's hair brush, and the number of individuals moving into each chamber of the arena was recorded at one-minute intervals. Individuals that settled in the middle zones of the arena were not considered. The apparatus was rotated 180°to eliminate any possible bias to one particular side. These experiments were conducted at a constant temperature in a dark room at 26 ± 2°C. A very faint illumination was used to detect the trail of the larvae. The tested oils from natural sources such as peppermint, pineapple, strawberry, orange peel, and camphor oils were obtained from the Sugar and Distillation Company at Giza, and others were commercial chemicals such as terpine oils obtained from Sigma Aldrich corporation, USA.
Moth olfactory reaction
The olfactory response of the potato tuber moth towards various chemicals was investigated in an olfactometer similar to that described by Osgood and Kempster (1971) (Fig. 1) , with some modifications, the moths respond to the odor carried by a stream of air drawn over the tested substance. The olfactometer ( Fig. 1 ) was made of a clean plastic box (15 · 12 · 5 cm), which was divided into two parts by a plastic border (d) (8 cm in length and 4 cm in height). This border separated the two airways of the experimental chambers (b). Two pairs of holes opposite to each other were made in the front and back of the olfactometer body, two of them were covered Figure 1 Design of air-way olfactometer: a = conical flask (which acted as insect holding cage); b = conical flask (which acted as experimental chamber-insect trap); c = electric fan (source of air current); d = plastic border; e = exit pores; h = plastic stopper; m = movable door; t = tunnel. with a wire gauze for air exhaustion, while on the other two holes two glass inverted funnels (f) (3.3 cm diameter) were fastened for trapping the moths that got attracted from returning back. A 50 ml glass conical flask (b) with an opened base was fixed over the funnel. On the narrow opening of the funnel, a piece of filter paper impregnated with 0.01 ml of the tested component was inserted and covered with a wire gauze. An electric fan was introduced in front of the insect cage trap to permit the air current to pass through the olfactometer body into the insect cage. By this way, the air passes through the insect trap (b) and is drawn through the olfactometer and out of it through the two opposite exit pores (e). Another 50 ml opened glass conical flask was fastened over the olfactometer body, and it served as an insect holding cage (a). Under the holding cage there was a movable door (m) (2 · 1 cm) to introduce the test moths into the test area after starting the experiments. This cage was covered with a plastic stopper (h) to prevent air from escaping, and moths were introduced.
The newly emerged moths were introduced into the holding cage (a) of the olfactometer (Fig. 1 ) from the central hole while the movable door (m) was closed. A piece of filter paper was impregnated with 0.01 ml test component, and was placed in the test chamber. Then the movable door was opened using its handle to get the moths in contact with the flight way. When the olfactometer is set up the air flows through the olfactometer with the aid of the electric fan carrying the odor of the sample, and the moths are stimulated by the odor which acts as a repellent or an attractant. In the olfactometer, one chamber was provided with the tested sample and the other chamber was used as a control or blank zone. Five moths were used in each experiment, and the experiment was repeated five times for either sex. The number of insects that were attracted and trapped in each of the test chambers was recorded. All experiments were conducted in a constant temperature dark room at 26 ± 2°C. Following each experiment the apparatus was thoroughly washed with soap and running water and then left to be air-dried. The percentage of intensity of reaction of moths and larvae was calculated from the equation (Gunn and Cosway, 1938) :
where S is the number of insects attracted to the scent chamber of the olfactometer; C is the number of insects moving to the non-scent chamber of the olfactometer.
Preparation of plant powders and extracts
2.3.1. Plant powders Parts of 14 different plant species including plant leaves, fruits, peels or seeds of certain vegetables and medicinal and ornamental plants were collected from different places ( Table 1) .
The needed parts were washed in running tap water, dried in shade and then minced and ground into powders. A concentration containing 5% of the plant powder was prepared by mixing 5 g of the tested plant powder with 95 g of a commercial carrier material (talcum powder) produced by El-Gomhorya Company.
Plant extracts
Nine of the aforementioned tested plants (Table 1 with asterisk * ) were extracted as follows: a known weight of the powdered plant material was packed in a percolator and extracted several times with 70% ethyl alcohol. The alcoholic extracts were combined and then evaporated under vacuum at a temperature not exceeding 40°C in a rotary evaporator. The residue left after evaporation was used for biological tests. A stock solution of 5% plant extract was prepared by mixing 5 g of the crude extract in 5 ml of 50% ethyl alcohol +90 ml H 2 O. A series of three concentrations (0.25%, 0.5% and 1.0%) were made from the 5% extracts by the following two ways:
A. Mixing 5, 10 and 20 ml of extracts with 95, 90 and 80 g commercial carrier material (talcum powder) and then left to dry under room temperature (to be used as dust). B. Diluting 5, 10 and 20 ml of each extract in 95, 90 and 80 ml of water (to be used in dipping process). 
Effects of different natural and chemical substances on certain biological aspects of P. operculella
Effect on eggs: the previous studies showed that females of the potato tuber moth, P. operculella, preferred to deposit their eggs on a hairy fibered mesh such as muslin rather than on a smooth fibered mesh such as terylene (Fenemore, 1978) . Therefore, groups of three pairs of virgin females and males were kept in empty plastic cups (10 · 12 cm) and covered with muslin. Eggs that were deposited on muslin were counted by using a stereoscopic microscope. They were just dipped in different concentrations (0.25%, 0.5% and 1%) of plant extracts or (0.01%, 0.1% and 1%) of peppermint and eugenol oils, prepared as in the second way mentioned earlier. They were left to dry and placed into a tight container. Each treatment was replicated five times in separate containers. The percentage of egg hatchability was determined. The treated eggs were examined under a binocular microscope and compared with untreated eggs of the corresponding age. If the treated eggs failed to hatch but showed development beyond the stage when the compounds were applied, failure to hatch was assumed to be due to inhibition of embryonic development rather than to acute toxicity of the compounds according to Saxena and Sharma (1972) .
Effect on moth reproduction
The methods applied by Sharaby (1988) for testing the sterilizing effect of orange fruit peel oils against the potato tuber moths were adopted here with some modifications in technique. Newly emerged males or females were exposed for 30 and 60 min inside glass containers (500 ml capacity each) with tight glass lids to vapors of the selective volatile oils emanating from a filter paper disc impregnated with 0.01 ml of the oil and then placed at the bottom of the container inside a plastic cup (10 · 12 cm) covered with a wire mesh partition. After the required exposure period, male and female moths subjected to identical or different treatments were paired singly to facilitate mating and subsequent oviposition by the females. For control, insects were exposed to untreated filter paper. The following crosses were made:
T: Treated; U: Untreated; F: Female; M: Male. A hairy fibered cloth (muslin) was provided as an oviposition site. After one or two days, muslin-eggs were collected in a tight cup to facilitate the calculation of the percentage of eggs hatching. The total number of deposited eggs as a result of different female crosses during the oviposition period was recorded. Hatchability of the deposited eggs was also estimated in each case. F-test and Duncan's (1955) range test were adopted to differentiate between means.
Results and discussion

Olfactory response of larvae
Data on the olfactory reaction of the first larval instars of P. operculella to some natural and commercial chemical oils are given in Table 2 . The results clearly indicate that some of the natural essential oils such as the strawberry oil were highly attractive (35.8%) followed by fennel oil (20.7%) which was moderately attractive, whereas orange peel oil was the least attractive (8.6%) to the first larval instars of the potato tuber moth. The other volatile oils such as peppermint, camphor, and pineapple proved to be repellent to the larvae. Their response intensities were À16.1%, À20.7% and À23.5%, respectively. On the other hand, the tested commercial terpenoids proved that a-ionone, D-limonene and caryophellene were stimulating and attractive with 40.3%, 27.7%, and 5.6% intensities of reaction, respectively. These three oils were also found attractive to the third instar larvae of Heliothis armigera at different degrees (Abd-El-Aziz, 1984). The other chemical oils including phellendrene, camphene, a-pinene, citronellal, eugenol, ethyl cinnamate, farnisol, thymol and carvacol showed repellent effect against the first larval instars. Their average intensities of response were À46.3%, À35.2%, À52.4%, À27.5%, À58.6%, À36.1%, À22.4%, À5.1% and À16.4%, respectively. Fallatah (2003) found that vapor of cardamom, cinnamon, eucalyptus, coriander, and basil inhibited the egg oviposition by their repellent effect against the exposed moths P. operculella.
Olfactory response of moth
Moths response to different volatile oils are given in Table 3 .
It was noticed that most if not all oils tested were repellent to both sexes. From the natural oils, peppermint oil was the most repellent to female moths (À82%), followed by pineapple oil (À38.5%), orange peel oil (À23.1%), fennel oil (À17.6%) and lastly camphor oil (À12.3%), while strawberry oil was the only natural oil tested which was attractive to female moths (+16.7%). Orange peel oil did not cause any reaction to male moths. Pineapple oil was attractive (24.3), while the others were repellent (À20.4 to À77.8).
From the commercial oils, only the monoterpenoid D-limonene was attractive to female moths (22.4%), while a-ionone and camphene were attractive to males (29.2 and 16.6%, respectively). D-limonene and carvacol did not cause any reaction to male moths. The other tested monoterpenoids were repellent to both sexes, a-ionone was the most repellent to female moths (À83.9%), while citronellal oil was highly repellent to male moths (À78%).
From the sesquiterpenoids, eugenol was the most repellent to both female and male moths (À89.2% and À87.4%, respectively). On the other hand, caryophellene was repellent to females (À31.6%) but did not stimulate males, while thymol was repellent to male moths (À45%) but caused no reaction to females. It is, thus, clear that the response of male and female potato tuber moths was not necessarily the same toward the same oil. Salama et al. (1987) recorded that some oils were attractive or repellent to both sexes, while others were attractive to one sex but not to other sex of the adult moths of Heliothis armigera. Fallatah (2003) mentioned that vapors of plant oils of cardamom, cinnamon, eucalyptus, coriander and basil inhibited the exposed moths of P. operculella from egg oviposition by their repellent effects and protected the potato tubers from the insect infestation up to 2 weeks during the storage period. Recently Al-Dosary (2007) recorded that juniper oil of Juniperus communis plant acted as an attractant for both sexes, contact poison and has a fumigant effect against the Red Palm Weevil (RPW) Rhynchophorus ferrugineus, and induced great changes in some biochemical constituents of the adult body.
Effect of eugenol and peppermint on egg hatchability
The results given in Table 4 indicate that at anyone concentration eugenol is highly more effective than peppermint on egg hatchability. Thus, the percentages of hatchability were 29.8%, 21.3%, and 11.8% in eugenol-treated eggs, and 71.1%, 64.5%, and 60.3% in peppermint-treated eggs at concentrations of 0.01%, 0.1%, and 1%, respectively, comparable to 94.7% in the control. Also there is a positive correlation between the oil concentration and the percentage of egg hatchability.
Effect of plant extracts
The results given in Table 5 also indicate that egg hatchability was dose dependent as in the case of oils. The most effective ethanolic plant extracts were those of Pituranthos and Iphiona which caused the maximum inhibition of egg hatchability, which was 22.2%, and 24.3%, respectively, at 1.0% concentration. They were followed by extracts of Curcuma, Citrullus (seeds) and then Thuja, where the percentage of egg hatching was 27.9%, 29.0%, and 35.6%, respectively, at 1.0% conc. The remaining plant extracts such as Citrullus (fruits), Dodonaea, Nicandra, Callistemon and Schinus (leaves and fruits) were much less effective on the hatchability of eggs as the percentage of egg hatching ranged from 58.6% to 82.2% at 1.0% concentration comparable to 78.6% in case of solvent (1.0% ethanol)-treated eggs and 93.2 in the control (untreated eggs). This observation disagrees with that of Abd-El-Aziz (1994) who recorded that Dodonaea viscosa extracts gave the least percentage of egg hatchability of the cotton leaf worm rather than other tested plant extracts.
This adverse effect on the potato tuber moth eggs by terpenoid oils or some plant extracts could be due to their acute toxicity and/or to interruption of embryonic development caused by physiologic disturbances. Stereomicroscopic examination of the eggs which failed to hatch after treatment revealed that embryonic development in these eggs was not complete, despite the conversion of the egg color from crystal-transparent to dark-color. This effect is almost similar to that caused by insect juvenile hormones and their analogs on the eggs of certain other insects as recorded by Slama and Williams (1966) on Pyrrhocori apterus, Riddiford and Williams (1967) on Anthera peryi, Riddiford (1970) on Hyalophora cecropia (L. ) and Saxena and Sharma (1972) on Aedes aegypti.
Effect on moth reproduction
The effect of odors of peppermint and eugenol oils emanating from 0.01 ml for 30, and 60 min in closed 500 ml glass container on fecundity and egg hatching at different crosses is given in Table 6 , the results make it clear that eugenol has much more adverse effect than peppermint on both fecundity and egg hatching of the potato tuber moth at different crosses.
Both treatments, however, elicited a significant difference (P < 0.05) when compared with the control (untreated female · untreated male). In the majority of crosses, the exposure period did not elicit a significant difference (P > 0.05) in the deposited eggs. This was also true in case of the hatchability of eggs deposited by peppermint-treated moths. Exposure period to eugenol vapor, however, adversely affected egg hatchability in the majority of crosses.
It was also evident that a least number of eggs were deposited when treated females were mated with treated males (TF · TM). This was particularly true in the case of eugenoltreated moths whether the exposure period was 30 or 60 min and in the case of peppermint-treated moths after a 60-min exposure period. The highest depression in fecundity and eggs hatchability that could reach sterility was found when eugenol- Table 6 Effect of peppermint and eugenol oils (0.01 ml) on the reproduction of the potato tuber moth at different crosses. treated female and male moths were allowed to mate after a 60-min exposure period, where the mean fecundity was 11.6 ± 3.5 egg/female and the egg hatchability was only 3.6%, which were comparable to 70.2 ± 5.9 egg/female and 92.3% egg hatchability in the case of the control (UF · UM). It was thus clear that the reduction in fecundity and eggs hatchability was significantly more pronounced when both mated sexes were treated than when one sex was treated and allowed to mate with untreated other sex. These findings agree with those reported by Sharaby (1988) who used orange peel oil against both sexes of the potato tuber moth, P. operculella. Almost similar observations were also reported for Aconthosclids obtecus exposed to four plant essential oils (Stamopoulos, 1991) , Earias vittella exposed to the odors of certain botanical components (Pathak and Krishna, 1997) , and for Callosobruchus chinensis treated with various botanicals (Mulatu and Gebremedhin, 2000) . In general the potato tubers could be protected during marketing or storage periods by using safe natural materials, such as the dried powders of Dodonea viscose, Allium cepa, 1% ethanolic extract of Pithuranthos tortosus or Iphiona scabra, and also eugenol oil at 0.01% concentration. The foregoing results serve as alternatives to chemical pesticides for controlling this pest in the integrated pest management program.
